A tris(thiolato)-type cobalt(III) complex, ∆LLL-fac(S)-K3[Co(Lcys-N,S)3]·9H2O·0.5KCl, was prepared by a reported procedure. 8,10 Metal salts (Wako, 99.9%), Zn(NO3)2·6H2O, and Cd(NO3)2·4H2O, were used without further purification.
Tris(thiolato)-type cobalt(III) and rhodium(III) complexes, fac(S)-[M(aet or L-cys-N,S)3] n-(M = Co(III) and Rh(III): aet = 2-aminoethanethiolate, n = 0; L-cys-N,S = L-cysteinate, n = 3), readily form S-bridged linear-type trinuclear complexes with various transition metal ions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These S-bridged complexes are usually rather stable in solution and their optically active isomers exhibit quite strong circular dichroism (CD) spectral bands attributed to µ-thiolato sulfur-to-metal charge-transfers. While these S-bridged trinuclear complexes exhibit broad intense absorption bands in the whole spectral region characteristic of the S-bridged structure, the CD spectra exhibit positive and negative Cotton effects for each component of the electronic transitions. Therefore, several wavelengths where the molar CD coefficient is equal to zero can be obtained for the respective trinuclear complexes and some isodichroic points for their formation reactions are inevitably observed at different wavelengths depending on the S-bridged transition metal ion. Such reactivities and spectrochemical properties of fac(S)-[M(aet or L-cys-N,S)3] nand their S-bridged complexes are particularly suitable for simultaneous CD spectrophotometric determinations of transition metal ions. Accordingly, we have utilized the rhodium(III) complexes, newly optically resolved fac(S)-[Rh(aet)] 15 and ∆LLL-fac(S)-[Rh(L-cys-N,S)3] 3for determination of nickel(II), cobalt(II), cobalt(III), iron(II), and iron(III), 16 because no configurational inversion or decomposition of the rhodium(III) complexes is observed at room temperature.
In contrast to the transition metal ions, zinc(II) and cadmium(II) do not form quite stable S-bridged complexes due to the absence of strong σ donations from the sulfur atoms to dorbitals of zinc(II) 17, 18 and cadmium(II). 19 We have also reported some equilibria between the S-bridged Rh(III)-Zn(II) complexes with different compositions. 16 Furthermore, intense absorption and CD spectra are not observed for the S-bridged structures due to the absence of a strong sulfur-to-zinc(II) transition. [17] [18] [19] [20] [21] [22] Such properties are not suitable for the CD spectrophotometric determination. On the other hand, we found that the rate of CD spectral change in the absolute configurational inversion of the corresponding tris(thiolato)type cobalt(III) complex, ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3-, is quite sensitive to coexisting metal ions, and that zinc(II) and cadmium(II) can be kinetically discriminated. The absorption spectral change of the corresponding reaction is not so remarkable because no significant change in the cobalt(III) chromophore takes place. However, measurements of the CD spectra are quite useful to follow the absolute configurational change. In the present work, we have elucidated the difference in kinetic effects between zinc(II) and cadmium(II) on the configurational inversion of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3in aqueous solution using CD spectra and have proposed that concentrations of zinc(II) and cadmium(II) can be simultaneously determined by the observed inversion rate constants. . The observed rate constants were obtained from a change in the CD intensity of a negative band at about 600 nm by using the data for the first 30 -60 min.
CD spectra were recorded on a JASCO J-720WL spectropolarimeter.
Results and Discussion

Configurational inversion
The CD spectral pattern of the ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3solution changed with isodichroic points during the initial 1 h, which was followed by a slower CD spectral change without an isodichroic point ( Fig. 1 ). For the former spectral change, only a little increase in absorbance without any apparent shift of absorption maxima was observed in the first d-d absorption band region of cobalt(III), while the absorbance increased in the whole spectral region for the latter change. Assuming that the former spectral change can be attributed to the configurational inversion and the latter one to the decomposition of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3-, we have clarified the change in the isomer distribution during the initial 1 h. Because a quite stable trinuclear complex, [Co{Co(L-cys-N,S)3}2] 3-, is formed by the reaction between ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3and [CoCl(NH3)5] 2+ with retention of the absolute configuration, 8, 10 the ratio of the two isomers, ∆LLLand ΛLLL-fac(S)-[Co(L-cys-N,S)3] 3-, has been checked after different standing times by using the trinuclear complex formation followed by the separation of the possible three isomers, ∆LLL∆LLL, ∆LLLΛLLL, and ΛLLLΛLLL, with a QAE-Sephadex A-25 column. From the isomer distribution of the trinuclear complex in Fig. 2 , the proportions of the ΛLLL terminal are 0.6, 8.3, and 16.1% for the standing times of 0, 30, and 60 min, respectively, and few byproducts arising from the decomposition of fac(S)-[Co(L-cys-N,S)3] 3were observed. Accordingly, it is confirmed that the initial CD spectral change, where the CD intensities fit well to the exponential curve for the first-order reaction, is attributable mainly to the configurational inversion. 23 Such a behavior of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3is consistent with that described for the lithium salt. 24 On the other hand, the ΛLLL isomer formed in 30 min was negligible in excess of cadmium(II). In the case of a solution containing an excess of zinc(II), the isomer distribution was not determined, because of precipitation of zinc(II) salt of the cobalt(III) complex. However, it is evident from the absorption and CD spectral changes consistent with those described above 25 that the former spectral change is attributable to the configurational inversion of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3-.
In contrast to the above results, no configurational inversion is observed with the corresponding rhodium(III) complex, ∆LLLfac(S)-[Rh(L-cys-N,S)3] 3-, at room temperature. 5 Such a difference in stability between the cobalt(III) and rhodium(III) complexes is due to the difference in the coordination bond energy. On the other hand, the difference in stability between the ∆LLL and ΛLLL configurations is attributed to the following three factors ( Fig. 3): (1) the stabilization by an equatorial orientation of carboxylate groups in the ∆LLL configuration compared with an axial one in the ΛLLL configuration, (2) the presence of hydrogen bonds between amino and carboxylate groups in the ΛLLL configuration, and (3) the difference in an electronic repulsion between lone-pairs on the sulfur donor atoms. The factor (3) is negligible in the sulfur-bridged complexes because the lone-pairs with mutual repulsions are coordinated to the other metal ion. Consequently, from the fact that the inversion to the ΛLLL configuration proceeds quantitatively in reductively activated cobalt(III) terminals by the reaction with cobalt(II) or iron(II), 4, 8, 10 we conclude that the stabilization by the hydrogen bonds in the ΛLLL configuration (factor (2)) exceeds the stabilization by the equatorial orientation for the ∆LLL one (factor (1)). In non-bridged fac(S)-
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ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 [Co(L-cys-N,S)3] 3-, factor (3) in the ΛLLL configuration appears to be greater than that in the ∆LLL one because the hydrogen bonds in the ΛLLL configuration fix the lel3 chelate ring conformation where the lone-pairs are compelled to point toward the C3 axis more rigidly. Therefore, the difference in the thermodynamic stability between the isomers of non-bridged fac(S)-[Co(L-cys-N,S)3] 3is determined by the above three factors. It is expected that the driving force of the inversion to the ΛLLL configuration will be the formation of the hydrogen bonds. However, in the presence of S-bridging metal ions, the kinetic stability is affected by the S-bridged bond energy, because cleavage of the S-bridged bonds is required to cause the configurational inversion. Consequently, the inversion rates have been compared in the presence of zinc(II) and cadmium(II) which have a moderate interaction with the lone-pairs on the sulfur atoms. In excess of these ions, the inversion was remarkably accelerated with zinc(II) and retarded with cadmium(II), as shown in Fig. 4 . The relatively weak zinc(II)sulfur bonds probably prevent the repulsion between the lonepairs. Therefore, the hydrogen bond formation gives more effective driving force for the configurational inversion compared with the non-bridged ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3-. Accordingly, the observed inversion rate increased as the forward rate of the configurational inversion increased. 26 On the other hand, cadmium(II) forms a relatively strong bond with sulfur atoms which lowers the ground state, that is, increases the activation energy for both forward and reverse configurational inversions, as observed for the reactions with iron(III) and cobalt(III) where no configurational inversion proceeds. 4, 8, 10 
Kinetics
In order to confirm the kinetic effects of zinc(II) and cadmium(II), the dependence of the observed inversion rates on the metal ion concentration was examined in diluted metal ion solutions containing excess of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3-. While the cadmium(II) concentration does not affect the observed rate constant (Fig. 5 ), unless cadmium(II) exists in excess (Fig. 4) , the rate constant exhibits a linear dependence on the zinc(II) concentration with an intercept (Fig. 5 ). Furthermore, when CCo -CCd in the presence of both zinc(II) and cadmium(II) was adjusted to CCo in the presence of only zinc(II), where CCo and CCd are the total concentration of ∆LLLfac(S)-[Co(L-cys-N,S)3] 3and cadmium(II) respectively, a good agreement between the two regression lines for the zinc(II) concentration dependence of the rate constant was observed, as shown in Fig. 5 . The configurational inversion kinetics in accordance with the above observations can be described as follows.
Assuming that zinc(II) and cadmium(II) interact with sulfur atoms of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3quantitatively and the dissociation of cadmium(II) from the sulfur atoms is quite slow, we think that the concentration of the ΛLLL isomer bound with cadmium(II) is negligible in the initial stage, because the configurational inversion of the ∆LLL isomer bound with cadmium(II) is quite slow (Fig. 4) .
Then the total concentrations of fac(S)-[Co(L-cys-N,S)3] 3-(CCo), zinc(II) (CZn), and cadmium(II) (CCd) are given by , CZn = 1.01 × 10 -3 M (at 590 nm); , blank (at 600 nm); and , CCd = 3.02 × 10 -3 M (at 580 nm). 25 Every CD intensity at 0 s is not the same, because a few minutes are taken to prepare the sample solution before each measurement. 
The configurational inversion rate law of ∆LLL-fac(S)-[Co(L-cys-N,S)3] 3is given by Eq. (11), using the forward and reverse rate constants of the inversion of the free cobalt(III) complex (k1 and k-1) and the complex bound with zinc(II) (k2 and k-2), respectively, where the rate constant for the complex bound with cadmium(II) is disregarded. 
Using the overall rate constants for the free cobalt(III) complex, kfree = k1 + k-1, and the complex bound with zinc(II), kZn = k2 + k-2, we can rewrite Eq. (12) as follows.
Accordingly, the slope and intercept for the linear relation between zinc(II) concentration and the rate constant in Fig. 5 correspond to (kZn -kfree)/(CCo -CCd) and kfree, respectively. The rate constants kfree and kZn are estimated to be 2.22 × 10 -4 s -1 and 2.31 × 10 -3 s -1 from the zinc(II) concentration dependence in the absence of cadmium(II) and to be 1.98 × 10 -4 s -1 and 2.35 × 10 -3 s -1 from that in the presence of cadmium(II) by using CCo = 6.82 × 10 -4 mol dm -3 and CCd = 0 mol dm -3 for the former and CCo = 9.09 × 10 -4 mol dm -3 and CCd = 2.02 × 10 -4 mol dm -3 for the latter.
These rate constants obtained from different experimental conditions are in a reasonable agreement with each other.
In order for one to utilize the configurational inversion rate for estimation of zinc(II) and cadmium(II) concentrations, the principle of the kinetic determination of both ions is described as follows. Using the values of kfree and kZn obtained above, one can determine the zinc(II) concentration with knowledge of a value of CCo, if the solution contains only zinc(II), that is, CCd = 0. Even if neither value of CZn and CCd is known for a mixed solution of zinc(II) and cadmium(II), the concentrations of both ions can be determined by addition of a known amount of zinc(II). Two different values of kobs1 and kobs2 are obtained before and after the addition, respectively:
kobs2 = kfree + (kZn -kfree) (15) where CZn1 and CZn2 are the two different concentrations of zinc(II). Subtracting Eq. (14) from Eq. (15) gives kobs2 -kobs1 = (kZn -kfree)
Since the added amount of zinc(II), CZn2 -CZn1, is known, the value of CCd can be determined, even if the initial zinc(II) concentration CZn1 is unknown. Once the value of CCd is obtained, the value of CZn1 can be determined by Eq. (14) . Consequently, the concentrations of zinc(II) and cadmium(II) ions are simultaneously determined using the two observed rate constants for the configurational inversion of ∆LLL-fac(S)-[Co(Lcys-N,S)3] 3-.
